Investigation of the Performance of Solar Thermal Systems with Seasonal Storage for domestic applications by Antoniadis, Christodoulos
 Investigation of the 
Performance of Solar 
Thermal Systems with 
Seasonal Storage for 
domestic applications 
 
Christodoulos Antoniadis  
SID: 3302130004 
 
SCHOOL OF SCIENCE & TECHNOLOGY 
A thesis submitted for the degree of  
Master of Science (MSc) in Energy Systems 
 
 
JANUARY 2015 
THESSALONIKI – GREECE 
- 2 - 
 
 
Investigation of the 
Performance of Solar 
Thermal Systems with 
Seasonal Storage for 
domestic applications 
 
Christodoulos Antoniadis  
SID: 3302130004 
Supervisor: Prof. Georgios Martinopoulos 
Supervising Committee Members:  
 
SCHOOL OF SCIENCE & TECHNOLOGY 
A thesis submitted for the degree of  
Master of Science (MSc) in Energy Systems 
 
JANUARY 2015 
THESSALONIKI – GREECE 
- 3 - 
 
Abstract 
This dissertation was written as a part of the MSc in Energy Systems at the International 
Hellenic University. The dissertation investigates the performance of Solar Thermal 
Systems which utilize Seasonal (long-term) Thermal Energy Storage (STES) for 
domestic applications. The STES concept concerns the storage of heat in large facilities 
during the summer period for later use during autumn and winter, when heating load is 
demanded. 
Specifically the TRNSYS software has been used in order to design and simulate 
such a solar thermal system with seasonal storage. Flat plate solar collectors are 
installed in order to collect solar energy and charge two stratified water tanks, a short 
term DHW tank and a long term STES tank. The last one is connected through a heat 
exchanger with a single zone building, contributing to the space heating when thermal 
energy is available. Simulation results for the city of Thessaloniki showed that up to 
40.1 % of the space heating load for a specific single-family detached home can be 
covered by this seasonal storage configuration. With regard to the DHW performance, 
the solar fraction reaches 76 %.    
At this point I would like to express my gratitude to the supervisor Dr. Georgios 
Martinopoulos (Academic Associate) for his guidance and support during the 
dissertation work.  
The completion of the present dissertation has been co-funded through the project 
“ΙΚΥ Grants” from resources of the Operational Program “Education and Lifelong 
learning”, of the European Social Fund (ESF) of NSRF, 2007-2013. 
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Chapter 1 Theoretical Background  
One of the first studies to consider the implementation of solar energy storage in 
summer for utilization during heating period in winter was undertaken in 1959 and 
concerned single residential buildings [1]. This study concluded that the collector area 
required for a solar thermal storage system could be reduced by increasing the capacity 
of the storage unit to high levels. However at this time the seasonal storage approach 
was not justified in terms of cost compared to the increased annual output of the system. 
Similar studies of this period provided almost the same conclusions regarding the 
effectiveness of long-term storage, while a more optimistic outcome was reached in 
1977 with the development of a method capable of estimating heat losses from the 
storage tank to the ground [2]. Therefore practices to hamper these thermal losses could 
be more adequately developed and improved. 
Apart from the design of systems appropriate for single residential-scale buildings, 
another approach of seasonal storage utilization are systems studied to provide heat for 
communities, such as district heating systems. The approach of larger systems with 
considerably higher storage capacity relies on the fact that the heat losses from storage 
are relatively reduced compared to the increased storage gains of higher capacity units. 
This is due to the fact that the area for heat losses goes up approximately as the square 
of the linear dimension of the store, while the capacity goes up nearly as the cube of the 
linear dimension. Considerable attention on these systems has been extensively drawn 
in northern Europe and particularly in Sweden, since the potential of short-term diurnal 
storage systems does not appear attractive in northern latitudes with short winter days. 
A study in 1988 pointed out that the collectors’ performance in these systems should be 
higher than those in short-term storage, since the major part of the solar energy 
collection concerns periods with the highest ambient temperatures [3]. 
The approach regarding the design of seasonal storage systems does not basically 
differ from that of short-term storage. Actually almost the same configurations are used, 
with mainly liquid systems like those presented in figure 1. The actual differences 
between short-term and long-term systems concern the sizes of the collectors and the 
storage units. Specifically since the seasonal storage capacity should be considerably 
higher, the ratio of storage volume to collector area is much higher for long-term 
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storage systems. In some cases an auxiliary heat source can be used such as a gas burner 
or a heat pump system with the heat pump connected in series with the tank.  
 
Figure 1: A liquid based solar heating system 
1.1 Solar Energy Collectors 
Solar collectors are the major components of solar energy systems used for various 
applications. These devices absorb the incoming solar radiation, which is converted into 
heat and is transferred to a transport medium, usually water or air, circulating through 
the collector. The solar energy collected can be carried from the fluid directly to the hot 
water or space heating equipment. Otherwise a thermal energy storage tank is utilized, 
where the heat can be stored for later use when solar radiation is unavailable like night 
or cloudy days.   
Actually a solar collector is considered to be a special kind of heat exchanger that 
transforms the energy contained in solar radiation into heat. However conventional heat 
exchangers implement fluid to fluid exchange with high transfer rates. On the other 
hand the energy transfer in a solar collector is from a distant source of radiation to a 
fluid, while the heat transfer rates are lower since the peak flux of incident radiation, 
assuming no optical concentration, is approximately 1,100 W/m2.  
- 8 - 
 
1.1.1 Flat Plate Collectors 
Flat-plate collectors use both beam and diffuse solar radiation and are utilized for low 
and medium temperatures applications requiring energy delivery at up to 100°C above 
ambient temperature [4]. They belong to the non-concentrating collectors, having the 
same area for intercepting and absorbing solar radiation, without tracking sun 
requirements, and require little maintenance. The major applications of these units are 
in domestic hot water systems, building heating, air conditioning, and industrial process 
heat. With the utilization of highly selective coatings and the employment of vacuum or 
transparent insulation at some new types of collectors, actual standard flat-plate 
collectors can obtain good efficiencies up to temperatures of 100°C [5].  
A typical flat-plate solar collector is shown in Figure 2. Solar radiation passes 
through the transparent cover and a large portion of this energy is absorbed by the black 
solar energy absorbing surface and transferred to the transport medium in the fluid 
tubes. The liquid tubes are connected at both ends by header tubes of larger diameter to 
admit and discharge the fluid. The liquid tubes can be placed on the absorbing plate or 
they can be an integral part of the plate.  
The transparent cover over the absorber surface is used to reduce convection and 
radiation losses. Convection losses from the absorber plate are reduced by the restraint 
of the air layer between the plate and the cover, while radiation losses from the collector 
are reduced because the glass is almost opaque to the longwave thermal radiation 
emitted by the absorber plate. However it is transparent to the shortwave radiation 
received by the sun. Back insulation as well as insulation at the two sides is used to 
reduce conduction losses.   
 
Figure 2: Cross section of a flat plate collector 
An alternative to the header collector is the serpentine design which does not face 
the potential problem of uneven flow distribution of the header and riser design. 
However serpentine collectors need a pump to circulate the heat transfer fluid since they 
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cannot work effectively when natural circulation is desired. Figure 3 depicts the two 
different approaches. 
 
Figure 3: Header and serpentine configurations 
With regard to the main components of a flat plate solar collector their design and 
manufacture should target to the highest possible efficiency at the lowest total cost, 
while other parameters such as the long life against corrosion and other effects are also 
highly important.  
The cover of a flat plate collector is usually glass or another radiation transmitting 
material. Glass with low iron content has been widely used since as much as 90% of the 
incoming shortwave irradiation can be transmitted, while its transmittance for the 
longwave thermal radiation emitted by the absorber plate is nearly zero. On the other 
hand, in spite of being virtually opaque to the longwave radiation emittance, the 
absorption of that radiation causes a temperature increase of the glass and thus some 
heat losses to the surroundings through radiation and convection. Plastic sheets are also 
highly transmitting to the shortwave radiation, however undesirable longwave 
transmittances as high as 0.40 may be observed. Moreover only a few types of plastics 
are resistant to the ultraviolet radiation for a long period, while the temperature range 
that they can effectively withstand without deterioration is also limited. Another effect 
that may have impact on the transmittance is the dirt and dust on the collector glazing 
especially during periods with limited rainfall, when the cleansing effect of occasional 
water drop, adequate to maintain the transmittance close to its maximum value, is 
missing. Dust is only desirable in reasonable amounts during summer as it protects the 
collector from overheating due to the high solar irradiation observed during this period. 
For direct radiation the transmittance depends on the angle of incidence and varies 
considerably according to it. Therefore the collectors should be oriented directly 
towards the sun, facing south in the northern hemisphere and north in the southern 
hemisphere. The optimum tilt angle should be equal to the latitude of the location, with 
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angle variations depending on the application. Therefore if the application is space 
heating, then the optimal angle is latitude +10 degrees, whereas for hot water production 
during the whole year, it is latitude +5 degrees [5]. 
Regarding the absorber plate, it should combine a high value of solar radiation 
absorptance (α) and a low value of longwave emittance (ε) in order to maximize the 
energy collection. Such a surface is known as a selective surface, having a thin upper 
coating that has high absorptance for shortwave solar radiation and being relatively 
transparent to longwave thermal radiation. This layer is deposited on a surface of high 
reflectance and low emittance for longwave radiation.  The importance of selective 
surfaces is particularly for applications when the desired collector surface temperature is 
much higher than the ambient temperature.  Today the most widely used selective 
coating is black chrome [5]. 
The high absorption in the short wavelength region can be sometimes enhanced by 
the use of materials with pyramidal, dendrite or porous microstructure, usually called 
wave front discriminating materials, where multiple reflections are observed. Another 
procedure called surface texturing can make a surface to obtain the appropriate 
roughness in order to appear high absorptance to solar energy and high reflectivity to 
thermal energy. The optical properties of such a surface are affected by its orientation, 
the proper adjustment of which can improve the absorption and emissivity of a 
spectrally selective material.  
Tubes, fins, or passages are used as heat removal passageways that conduct the heat 
transfer fluid from the inlet to the outlet, through the headers connected to them at the 
two ends. The main challenge is to achieve the better thermal bond between tubes and 
absorber plates with avoiding excessive costs for materials. Therefore copper, 
aluminum, and stainless steel are the materials mostly used for collector plates, while 
copper tubes are usually utilized because of their high thermal conductivity and 
excellent resistance to corrosion. Figure 4 depicts different absorber plate designs for 
flat plate collectors using water as the thermal transfer fluid.  
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Figure 4: Solar water heater absorber plate designs 
Air based collectors can also be used but a larger contact area between the 
absorbing surface and the air should be designed to overcome the lower heat transfer 
coefficients between air and the absorber plate. Moreover the air thermal capacity is 
much lower than water, hence larger volume flow rates are required, resulting in higher 
requirements of pumping power. 
1.1.2 Evacuated Tube Collectors 
Evacuated heat pipe solar collectors have a different operation than flat plate collectors 
and are suitable even for cold climates, where the benefits of conventional flat plate 
collectors are restricted due to the weather conditions. Thus an evacuated tube collector 
can achieve high efficiencies even with large temperature differences between the 
absorber and the surroundings, as well as when solar radiation is not high enough. 
Figure 5 presents an evacuated tube collector. These collectors consist of a heat 
pipe (sealed copper pipe) placed inside a vacuum-sealed tube. The pipe is then attached 
to a black copper fin (absorber plate) that fills the tube. Sticking out from the top of 
each tube is a metal tip, the heat pipe condenser, attached to the sealed pipe. Solar heat 
evaporates the liquid contained in the heat pipe, usually a small amount of methanol, 
and the vapor travels to the heat sink region. There it condenses releasing its latent heat 
and the condensed fluid returns to the solar collector to repeat the evaporating–
condensing cycle process. In an actual installation, applying many tubes, the metal tips 
of the tubes project into a same heat exchanger (manifold) where water or glycol flows 
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and picks up the heat from them. The heated transfer medium circulates then through 
another heat exchanger releasing its heat to a solar water storage tank. 
 
Figure 5: An evacuated tube collector 
The vacuum envelope reduces convection and conduction losses, so its combination 
with an effective selective surface can result in good performance at higher 
temperatures compared to the flat plate collectors. Moreover evacuated tube collectors 
exploit both direct and diffuse radiation like flat plate collectors, but their efficiency is 
higher at low incidence angles. 
Their main disadvantage is the increased cost compared to a conventional glazed 
flat plate collector. Ways to improve the cost-effectiveness of these collectors have been 
investigated and a promising configuration uses reduced number of tubes and reflectors 
to concentrate the solar radiation onto the tubes (Figure 6). This implementation of a 
diffuse reflector mounted behind the tubes can increase the absorbed energy in each 
tube by more than 25% for normal incidence [5]. 
 
Figure 6: Evacuated tube collectors with flat reflector 
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1.1.3 Flat Plate Collector Energy Balance 
When a certain amount of solar radiation reaches a collector’s surface, most of it is 
absorbed by the plate and delivered to the transport fluid as useful energy. However, 
thermal energy losses from the collector to the surroundings by conduction, convection, 
and infrared radiation are inevitable. In a steady state condition, the performance of a 
flat plate collector can be described by an energy balance that shows the distribution of 
incident solar energy into useful energy gain to the fluid and thermal and optical losses 
to the environment. 
The useful energy output Qu (Watt) of a collector with surface Ac (m2) is the 
difference between the absorbed solar radiation and the thermal loss 
 
 =  − 	
 −  
 
where S (W/m2) is the solar radiation absorbed by the collector per unit area of absorber 
given by the following equation 
 
 = () + () 1 + 2 ! + "#()# 
1 − 
2 ! 
 
where τ and α stand for transmissivity and absorptivity, Ι for radiation, ρ for reflectance, 
while (1 + cosβ)/2 and (1 − cosβ)/2 are the view factors from the collector to the sky 
and to the ground, respectively. Since the incident radiation consists of three different 
distributions: beam radiation, diffuse radiation, and ground-reflected radiation the 
subscripts b, d, and g represent these radiation parts.   
In the thermal loss term UL (W/m2K) is the overall heat loss coefficient based on 
collector area Ac, expressing the heat transfer resistance from the absorber plate to the 
ambient air according to the following equation and figure. 
 
	
 = 1$ +
1
%	 + ' 
 
- 14 - 
 
 
Figure 7: Heat transfer resistances 
Therefore the thermal energy loss from the collector to the surroundings can be 
represented as the product of the heat transfer coefficient UL times the temperature 
difference between the mean absorber plate (Tp) and the ambient (Ta).  
As shown in figure 8 under steady state conditions the rate of useful energy 
collected from a collector of area Ac can be also obtained from 
 
 = ()() − 	
 −  
 
where the term Gt(τα) represent the absorbed solar radiation, with Gt the total incident 
irradiance. 
 
Figure 8: Energy distribution in a flat plate collector 
In order to model the collector according to the figure 8, apart from the steady state 
condition which is the main prerequisite, a number of other assumptions should be also 
considered such as: 
 The collector is of the header and riser type fixed on a sheet with parallel tubes. 
 Heaters provide uniform flow to the riser tubes 
- 15 - 
 
 The headers cover only a small area of the collector and thus they can be 
neglected 
 The properties of materials are independent of temperature 
 The cover does not absorb any solar energy 
 Temperature drop through the cover is negligible 
 Covers are absolutely opaque to infrared radiation 
 Temperature gradients around tubes are neglected 
 The sky temperature is considered to be equal to the ambient temperature 
Introducing the collector efficiency factor F' as the ratio of the actual useful energy 
gain to the useful energy gain when the collector absorbing plate temperature Tp is at 
the local fluid temperature Tf, the useful energy output will be  
 
 = *′()() − 	
+ −  
 
The collector efficiency factor is essentially a constant factor for any collector design 
and fluid flow rate. 
The performance of a solar collector can be determined by the instantaneous 
efficiency, obtaining values of it for different combinations of incident radiation, 
ambient temperature, and inlet fluid temperature. The instantaneous efficiency is 
defined as the useful energy gain divided by the solar energy as  
 
,-./) = () 
 
Thus using the average temperature Tm, which is defined as the arithmetic average 
of fluid inlet and outlet temperatures, the instantaneous efficiency is given by 
 
,-./) = *′0 () − *′0	
 0 − () !				 
 
where F'm is the mean temperature collector efficiency factor. 
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1.1.4 Solar Collectors in Practice 
The following figure depicts a basic operation of solar collectors for solar water heating. 
In this indirect system a pump is used to circulate a heat transfer fluid, usually water-
ethylene glycol solutions, through the collector loop to a tube bundle heat exchanger, 
where its heat is transferred to the water of the storage tank. A general rule to follow 
regarding the proper storage tank volume is that the storage tank should be between 35-
70 L per m2 of collector aperture area, while the most widely used size is 50 L/m2 [4].  
The control of the system is achieved by the use of a differential temperature 
controller, which is actually a fixed temperature difference thermostat with hysteresis. 
Typically at least two temperature sensors are used, with one of them located at the top 
side of the solar collector array and the second at the storage tank. When the 
temperature of the solar collectors exceeds that of the tank by a predetermined specific 
amount (usually 4–11 °C), the controller switches the circulating pump on. When the 
temperature of the solar collectors drops to 2–5 °C above the storage temperature, the 
pump is stopped by the controller. 
The operation of such a domestic hot water production system usually concerns 
short-term (overnight) energy storage where solar energy is stored for later use on a 
diurnal basis. However the nearly same configurations are implemented for long-term 
seasonal storage, with the main differences to be observed in the relative and absolute 
sizes of the collectors and the storage systems. More specifically, the capacity of 
seasonal storage must be larger enough, meaning that the ratio of storage to collector 
area should be much higher compared to the short-term storage concept.  
 
Figure 9: Use of solar collectors for domestic hot water production 
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1.2 Seasonal Thermal Storage Methods 
There are actually three different mechanisms for energy storage, which can therefore 
be considered for seasonal storage of solar thermal energy as well. These concepts 
include sensible heat storage, latent heat storage and chemical reaction/thermo-chemical 
heat storage. With regard to residential scale thermal storage applications, and 
particularly those currently used in practice, most of them store energy in the form of 
sensible heat, while latent and chemical methods are considered promising but not 
mature enough yet. For this reason the analysis will focus on sensible heat storage 
concept. 
1.2.1 Sensible Heat Storage 
Sensible heat storage is considered to be a relatively mature technology for seasonal 
energy storage compared to other alternatives such as latent heat storage and chemical 
storage. The sensible heat storage method concerns the storage of heat as internal 
energy in the temperature increase of a selected material, generally a liquid or solid, 
which is used as the storage medium. The specific heat of the medium used, as well as 
its temperature increase determines the amount of sensible heat that is stored.  
High specific heat and density are two major desired characteristics for a storage 
medium concerning its thermal capacity evaluation. Since space availability is an 
important factor, especially for residential applications, limitations of this kind 
nominate liquids and solids as the only choices. The rate of absorbing or releasing heat 
is another important requirement, depending each time on the specific application where 
heat storage is utilized. In addition, the temperature range over which the system 
operates can also influence the medium choice. Finally apart from good thermal 
capabilities, the low cost is another issue under consideration, especially for seasonal 
storage where the systems are large enough. For all the above reasons water, rock 
materials (gravel, pebbles) and soil/ground have been typically used as storage media 
for solar seasonal storage systems in residential applications. Depending on the 
mediums used, different system configurations are considered. The choice of the 
suitable sensible heat storage concept should take into account the temperature range of 
the store, the available site size as well as local geological conditions and probable legal 
issues linked with them such as drilling permission issues.   
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1.2.1.1 Water based storage 
Water is considered to be one the most preferable storage mediums choices due to its 
high thermal capacity (4.2 kJ/kgK) and low cost. In spite of its generally limited 
temperature range, residential applications for space heating and DHW production are 
not affected much, operating in the range of 20-80 °C. Its high heat exchange rate 
during being charged and discharged is also an advantage, however it can sometimes 
cause inconveniencies as it makes stratification more difficult.  
Water based storage systems can be further classified into water tank and aquifer 
storage systems. Water tank storage systems use an artificial structure to store water, 
whereas aquifers storage concerns underground layers with natural water. 
Water tanks are usually artificial structures made of stainless steel and reinforced 
concrete with thick insulation provisions, while sometimes geological cavities can be 
used. Heat transportation to or from the tank can be achieved through the flow of water 
in and out of the tank or by a second transfer fluid circulated in a heat exchanger that is 
placed inside the tank.  
Indirect systems with external heat exchangers represent a famous option which 
utilizes a pump to circulate an anti-freeze transport medium through the solar collectors 
and another pump to circulate water from the storage tank through the heat exchanger 
(Figure 10). This kind of systems are commercially available for a number of years as 
they have been characterized by increased reliability and high thermal performance due 
to the improved thermal stratification potential in the storage tank [6]. Moreover cost-
effectiveness is another advantage since they allow less expensive storage tanks and 
heat exchangers to be used. 
 
Figure 10: External shell and tube exchanger 
Mantle heat exchangers configuration applies a double walled storage tank with the 
mantle, actually a cavity formed by the two walls, to allow circulation of the heat 
transfer fluid, thus transferring heat to the stored water (Figure 11). Mantle tank storage 
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systems have increased thermal performance due to the large heat transfer surface area 
but require specialized and more costly tanks [6]. 
 
Figure 11: Mantle heat exchanger 
Figure 12 presents the schematic layout of a solar seasonal storage system in 
Friedrichshafen, Germany applying a 12,000 m3 water storage tank with an inner 
stainless-steel liner as an additional insulation provision [7]. Energy is provided to the 
water tank by an array of 3,513 m2 integrated roof collectors placed on top of a multi-
family building, while the storage unit is connected to a district heating system. 
Α summary of past and present projects using water tanks as a seasonal storage is 
presented in table 1 [7]. 
 
Figure 12: 12,000 m3 water tank solar seasonal storage system  
The reduction of the heat losses by the proper selection of insulation materials is a 
popular research area in water tank configurations. Stainless steel, glass wool and 
polyurethane are widely used as insulation materials usually in the form of layers placed 
on the top and the vertical inside parts of the tanks, contributing to heat loss reduction 
resulted from vapor diffusion through the concrete walls. 
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Aquifer thermal energy storage is considered to be a very promising and cost 
effective solution for seasonal heat storage especially for economical large scale 
projects. In these systems the geologic formation of the aquifer is used as a natural 
storage tank where underground water is used as the heat carrier fluid. The drilling of 
two thermal wells, one of them called the hot well and the other cold well, is required in 
order to carry water to/from the aquifer. As it can be observed from figure 13, transport 
of heat is achieved since ground water from the cold well is heated by solar energy 
through a heat exchanger, injected then into the hot well. 
 
Figure 13: Aquifer solar seasonal storage system 
Aquifer storage systems should be carefully designed under certain circumstances 
since the specific site’s geological conditions as well as compliance with relevant 
regulations should always be thoroughly considered. Moreover the heat loss issue 
should be carefully examined since it is practically impossible to install insulation in an 
aquifer configuration. Thus the store surface to volume ratio should be chosen as low as 
possible in order to avoid considerable heat losses.  
The first central solar heating plant with a seasonal aquifer storage system in 
Germany was constructed in Rostock. Solar collectors of 1,000 m2 placed on the roof of 
the building were used to charge a 30m deep aquifer operating in a temperature range 
between 10 and 50 °C. Totally 108 apartments with a heated area of 7,000 m2 were 
supplied with domestic hot water and space heating achieving a solar fraction of 62% 
[8]. Table 2 presents aquifer applications in Germany with their major characteristics 
[7].  
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Table 1: Actual water tank seasonal storage systems [7] 
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Table 2: Aquifer thermal energy storage in Germany [7] 
1.2.1.2 Rock beds 
In rock bed storage concept a bed of rocks (pebble, gravel or bricks) is charged and 
discharged through the circulation of a heat transport fluid, usually water or air (figure 
14). In case of water utilization, the system is considered to be a hybrid active/passive 
since water contributes to the storage. On the other hand when air is used as the 
transport medium it does not contribute to the storage and the system is considered to be 
almost passive. 
 
Figure 14: Rock bed storage system 
Compared to water based systems, rock bed storage can operate at a higher 
temperature range. However due to the lower thermal capacity of rocks, rock bed 
storage systems require much larger volumes to store the same heat amount, especially 
for the case of air based systems, where the transport medium does not contribute to the 
storage. More specifically it is claimed that approximately a three times larger volume 
is required to store the same amount of heat in a rock bed compared to a water based 
storage system [9]. Regarding short-term storage applications, it is sometimes more cost 
effective to utilize solar air collectors with a rock bed storage system. However in case 
of seasonal storage residential applications, where space requirements are higher and 
often difficult to become easily available, rock bed storage implementation may be 
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impossible to achieve. Furthermore, from an economical point of view insulation 
requirements and excavation costs in case of buried systems will be also higher since 
they are proportional to the size.     
By combining the concepts of water tank and rock bed storage, a rock based/water 
(gravel/water, pebble/water, sand/water) storage system was proposed, reducing the 
high expenses of a single water-based tank construction, taking advantage from the low 
thermal capacity problems of rock materials, and obtaining a thermal capacity between 
the two concepts values. Regarding storage size requirements, a gravel-water system 
was found to reduce the volume of the storage unit, however being still 50% larger than 
a water storage tank with the same heat capacity [10].     
1.2.1.3    Soil/Ground 
This concept takes advantage of the ground thermal storage potential, used itself 
directly to store solar energy collected during summer for later use when heat is 
demanded. In this configuration the ground is drilled in order to insert usually vertical 
tubes, in which a heat transport fluid circulates charging and discharging heat in/from 
the ground. This approach, also called borehole thermal energy storage (BTES) uses 
water as the transfer fluid and has the advantage that soil used as the storage medium is 
free. However excavation or drilling required for these systems may be relatively 
expensive, responsible even for 40% of the total system costs [6]. Moreover due to its 
lower energy storage density it may requires 3-5 times more volume for a certain 
amount of heat stored compared to a water storage system [7]. In order to improve the 
heat transfer among the U-tubes and the soil, the space between the pipes and the 
borehole walls is filled in with a grouting material of high thermal conductivity. 
The Drake Landing Solar Community in the town of Okotoks, Alberta, Canada is 
the first implementation of a large-scale seasonal storage community in the world. The 
seasonal BTES system consists of 144 boreholes that were drilled to a depth of 35m, 
covering an area of 35m in diameter under the ground. Apart from that, 800 flat plate 
garage mounted solar collectors, two short-term energy storage tanks and the district 
heating system are used to cover space and water heating needs of 52 single-family 
energy efficient homes. Measurements showed that after four years of operation, a solar 
fraction of 86% was achieved [11]. Figure 15 depicts the project’s BTES configuration. 
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Figure 15: BTES configuration of Drake Landing Solar Community 
The first solar heating plant with BTES in Europe was built in Anneberg, Sweden 
to provide low temperature space heating to a residential area of 50 units with a total 
heat demand of 550MWh. The system consists of 2,400 m2 flat plate solar collectors 
charging with heat a crystalline rock volume of 60,000 m3 with 100 boreholes drilled to 
a depth of 65 m and fitted with double U-pipes. Electrical heaters are also used for 
supplementary heating [12].  
Apart from residential applications, seasonal thermal energy storage has been 
applied for agricultural purposes such as space heating in greenhouses. This kind of 
application is reported for a 2,304 m2 solar-heated greenhouse in Shanghai, east China, 
equipped with a seasonal thermal energy storage system [13]. The system utilizes the 
concept of BTES to store the heat captured by 500 m2 solar collectors in 4,970 m3 of 
underground soil through U-tube heat exchangers. In winter, thermal energy that was 
stored during the non-heating season is extracted for greenhouse space heating by the 
heat exchange tubes placed on the plant shelves. It was measured that during the first 
year of operation, 331.9 GJ was charged, while 208.9 GJ was later extracted. Solar 
energy was found to cover all the heating loads, since the system was able to maintain 
the interior temperature even 13 °C higher than the ambient value. Therefore no 
auxiliary heating equipment was installed.  
1.2.2 Stratification in Storage Tanks 
The stratification of a storage tank defines how much hotter is the top of the tank than 
the bottom. The degree of stratification is quantitatively measured by the temperature 
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difference between the top and bottom of the tank and is crucial for the effective 
operation of a solar system.  
Since the density of the water is conversely proportional to its temperature increase, 
the storage tank achieves stratification because of the density difference observed when 
hot water enters the tank from the collectors and is extracted from the top to cover the 
load, while cool water returns to the collectors and cold water flows at the bottom to 
compensate. The more stratified is the storage tank, the more effectively is covered the 
heating demand, since water leaving the top of the tank has the higher possible 
temperature. Moreover the lower the temperature of the cool water flowing to the 
collector from the bottom of the tank, the higher is its performance improvement.  
The most famous stratified tank model, the multinode approach, considers a tank 
which is divided into N sections (nodes), each of them having its own energy balance 
equation. To formulate these equations, it is necessary to estimate how the water is 
distributed to the various nodes when entering the tank. Thus for the flow returning 
from the collector for example it is usually assumed that the water flow will enter the 
node that is closest to but less than the collector outlet temperature. Figure 16 shows a 
five node tank where water with temperature 52 °C enters at node 3 having temperature 
50 °C. As a general rule however it should be noted that in order to enhance 
stratification the connections to the storage tank should be done in such a way that cold 
streams are connected at the bottom and hot streams at the top. 
 
Figure 16: A multinode stratified tank   
The degree of stratification in real tanks may depend on many parameters that 
determine the design of the tank such as the total size, the depth, the location, and 
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connection of the inlets and outlets, as well as the entering and extracting flow rates [4]. 
Regarding a practical degree of stratification it is suggested that three or four nodes 
represent a reasonable amount in actual water tanks, compromising between the most 
conservative case of one-node (fully mixed tank) and the high levels of stratification 
that may not be achievable in actual experiments [4]. 
1.3 STES Systems Sizing and Performance 
As it has been already mentioned, the main difference between seasonal and short-term 
storage systems is located on their size, with the first to be much larger than the second. 
More specifically it has been evaluated that storage capacity per unit of collector area 
should be 100–1000 times larger for seasonal storage than for diurnal storage [14].  
Evaluating the ratio of storage capacity per unit of collector area with regard to the 
annual solar fraction achieved for a space heating application, it can be observed from 
figure 17 that the two “knees” in the relevant curve correspond to the short-term and 
long –term cases respectively [4]. This also supports the assertion that the storage 
capacity per unit collector area should be two to three orders of magnitude (100–1000 
times) larger for seasonal storage applications.  
 
Figure 17: Variation of annual solar fraction with storage capacity/unit collector area 
Figure 18 presents the same variation of solar fraction with storage volume to 
collector area ratio, but includes three different collector areas of 25 m2, 50 m2 and 100 
m2. Here it can be also observed that until approximately 30 liters/ m2 the solar fraction 
increases sharply as storage capacity is enlarged for a certain collector area. The 
capacity at this point is adequate to exploit much of the diurnal solar variation. 
Providing further storage capacity exceeding one day’s needs, solar fraction is still 
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increasing but in a gradual way. By adding further storage capacity, increasing by two 
orders of magnitude the system can be used for seasonal storage.  
Considering a same liquid storage of 100 liters/ m2 for the collectors of 25 m2, 
50 m2 and 100 m2, approximately 40%, 65%, and 90% of the annual loads would be 
covered by solar energy. 
 
Figure 18: Solar fraction as a function of storage capacity for three collector areas 
A more comprehensible chart concerning the relationship between the storage 
capacity, the collector area and the solar fraction is presented in figure 19 [4]. At this 
chart it can be observed the solar fraction achieved as a function of the collector area 
and the storage conditions, meaning no storage, normal storage capacity (75L/ m2) and 
very large storage capacity.   
 
Figure 19: Solar fraction as a function of collector area for three storage options 
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First of all assuming that no storage is provided, it is clear that by increasing the 
collector area beyond 50 m2, the gain in terms of solar fraction increase is almost 
negligible. Considering a very large storage capacity it can be observed that the solar 
fraction increases almost proportional to the collector area, until it reaches the 100%. 
An increase in the collector area beyond this point is actually inferior since the storage 
unit has already been able to cover the whole load. Assuming a constant collector area 
the difference of solar fraction values between the case of normal and very large storage 
reflects a system’s performance improvement by increasing the capacity of its storage. 
At the same way, for a certain value of solar fraction the difference in the two curves 
represents the collector area that is actually saved by going to very large storage 
capacity. Since solar collectors are considerably expensive, obtaining the same solar 
fractions by developing cost effective larger storage systems is a challenge. 
The reductions in solar collector requirements with the increase of storage capacity 
is even higher for residential heating in northern latitudes, where seasonal variations are 
large as well as in generally cold climates, where DHW loads are much smaller than 
space heating loads. It is therefore stated that for 100% solar fraction a residential 
heating system in Canada using seasonal storage requires 25% of the collector area 
needed for the same system including short-term storage [6]. 
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Chapter 2 Literature Review 
A number of studies have dealt with seasonal storage solar thermal systems. Terziotti et 
al (2011) presented a seasonal solar thermal energy storage (SSTES) system, modeled 
for a large residential building in Virginia using TRNSYS 16 software [15].  
The building chosen to be modeled with SSTES concerns a student housing project 
of a 15,700 m2 five story building at Virginia Commonwealth University. Regarding the 
storage medium sand was chosen for this project, spread inside a pit and lined with 
insulation and waterproofing material. Sand was considered to be an attractive choice in 
terms of cost and versatility. Moreover the land above the storage bed could be used for 
other purposes such as a parking lot. 
The model was designed according to the specifications of the American Society of 
Heating and Air-conditioning Engineers (ASHRAE). Flat solar collectors of 1,930 m2 
were used, covering 62% of the roof, allowing adequate space for any other machinery 
or architectural features required. A piping loop running through the collectors heats the 
fluid, which is then injected into coils inside the storage bed. With regard to the storage 
medium four different sizes of sand storage bed were considered with volume from 
5,005 m3 to 9,295 m3. Fluid heated in the storage medium via a second loop is sent to 
the radiant floors, thus heating the building. When SSTES was not adequate to provide 
the whole amount of the required heat, a backup heat source, such as an electric heat 
pump, was used.  
The building’s ventilation recovery system was modeled with a heat exchanger 
which efficacy was varied, simulating three varying levels of building efficiencies. 
Therefore five years simulations were run, including all combinations of storage bed 
sizes and building efficiencies. Simulations regarding the fifth year of operation, when 
sand based systems are considered to reach equilibrium, estimated the heating load 
covered by the SSTES and the backup system for each case. Results showed that up to 
91% of energy can be provided by the most efficient SSTES system, considering it as a 
viable heating solution for a building of this size.    
Sweet et al (2011) utilized TRNSYS software to simulate and optimize the energy 
gain of an underground Seasonal Solar Thermal Energy Storage (SSTES) system for a 
single family dwelling in Richmond, Virginia, USA [16]. 
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Since underground conditions are much more stable, the SSTES bed, filled with 
sand as storage medium, is constructed underground to provide better insulation 
conditions, conserving additionally available land space. Regarding the solar collectors 
a theoretical flat plate collector was used in the model, with water as the working fluid 
used to transfer thermal energy to and from the SSTES, delivering it to the home via 
radiant floors. Figure 20 depicts the operation of the system. 
 
Figure 20: Sand bed solar thermal storage  
Different sized single story homes, from 74 m2 to 223 m2, were investigated to 
observe how the varying heating demands influence the optimal size of the SSTES bed 
and solar collector area. Each house was modeled having three thermal zones. With 
regard to the solar collectors 80% of the south roof area was modeled to be covered 
with them ranging from 39 m2 to 99 m2 depending on the varying house floor area. 
The system was modeled for 5 years to ensure that it reaches a steady state. The 
initial temperature of the sand bed was the only variable changing at the beginning of 
each simulated year, as well as other variables directly related to that temperature. The 
optimization procedure applied for the case of 185 m2 floor area showed that a 15 m3 
bed volume was the optimal one, with the maximum temperature obtained during the 
five year simulation at 96.1 C. Finally results showed that models utilizing seasonal 
solar thermal storage were able to reduce their auxiliary heat demand requirements by 
64% to 77% compared to models without SSTES.  
Li et al (2014) simulated the performance of a solar thermal heat pump system 
combined with seasonal energy storage for both space heating and domestic hot water in 
a cold climate area [17]. TRNSYS software was used to model the system consisting of 
an air-to-water heat pump unit, a water-to-water heat pump unit, solar collectors, a 
domestic hot water tank (9.6 m3) and a seasonal storage tank (105 m3) using water as 
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storage medium. The modeled system was investigated to cover the demand of a 2,252 
m
2
 six-story dorm building in Beijing.  
The operation of the system was simulated for a single year period and the 
outcomes were compared to a conventional space heating system. Furthermore, the 
effects of key parameters on the system performance were also investigated. Results 
showed that the monthly average solar fraction for DHW is about 68.1% while the 
annual energy storage efficiency of the seasonal storage tank is about 64%. With regard 
to the space heating the monthly energy saving ratio was calculated to be 52% when 
compared with a traditional space heating system.  
Wills et al (2012) used two modeling tools, TRNSYS and ESP-r, to investigate their 
compatibility in order to co-simulate a seasonal solar thermal system operating at a 
single house scale in Canada [18]. Another software, the Harmonizer, was used as a 
mediator to couple them.   
The ESP-r tool was used for the development of the building envelope, modeling a 
132 m2 single-family dwelling, including five thermal zones. Solar gains, air infiltration, 
thermal gains from occupants and electrical appliances, a radiant floor heating system, 
the space heating pump and the demanded thermal load were also simulated by ESP-r.  
On the other hand TRNSYS software was used to model the solar thermal system 
including flat plate solar collectors, a small short term tank for DHW loads, a larger 
seasonal tank containing water as storage medium for space heating and the circulating 
pumps.  
Preliminary attempt to test the functionality of the software combination showed 
that the co-simulation of the full seasonal solar thermal energy storage system is 
achievable for future works.  
McDowell et al (2008) also utilized TRNSYS software to simulate the performance 
of a large scale solar seasonal storage system in the Town of Okotoks, Alberta, Canada 
[19]. The Drake Landing Solar Community (DLSC) project is the first major 
implementation of seasonal solar thermal energy storage in North America. It includes a 
52-single family house subdivision where space and water heating is supplied by a 
system consisting of 800 flat plate garage mounted solar collectors, two short-term 
thermal storage tanks, the Borehole Thermal Energy Storage (BTES) system for 
seasonal energy storage, and the district heating supply system.  
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Totally 144 boreholes connected in series were drilled to a depth of approximately 
35 meters to create the BTES. The holes are connected in such a way that by promoting 
radial stratification, the centre of the field is maintained at the highest temperature 
maximizing the heating capacity. On the other hand the outer edges maintain the lowest 
temperature so that thermal losses to the surrounding ground are minimized. The 
implementation of the DLSC system is depicted in figure 21. 
 
Figure 21: DLSC seasonal thermal storage project 
A detailed TRNSYS computer model was developed during the project design 
phase to simulate the operation of the complex system and to determine the appropriate 
sizes of the individual components as well as the expected solar fraction. Taking into 
account economic and project constraints, the appropriate combination of the 
subsystems was determined so that the maximum economic performance was achieved. 
By using 50 years of historical weather data, the simulation model predicted that the 
system will provide an annual solar fraction of 90% after 5 years of operation. 
Upon completing the construction, detailed monitoring data was collected for the 
system and this data was used to calibrate the simulation model built during the design 
period. As a result the model would be able to predict the performance of the system 
with more accuracy in upcoming years. 
Applying the changes that resulted by the calibration procedure to the TRNSYS 
model, thus matching better the real conditions, it was estimated that the DLSC system 
would be able to cover more than 90% of the heating needs of the community during a 
typical year.  
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Sibbitt et al (2012) presents 5 years of measurements regarding the performance of 
the DLSC solar thermal seasonal storage system, comparing these results against the 
TRNSYS simulation predictions for the same period [20]. 
The operation of the system began in late June 2007, with the performance being 
monitored since then. Measurements between July 1, 2007 and June 30, 2012 show that 
the annual collector efficiency has remained relatively constant at 33% over that period. 
During the first year of operation the solar fraction was calculated to reach 55%. In the 
next 3 years, the BTES returned a greater fraction of the heat supplied to it, resulting in 
a solar thermal contribution of 60% in year two, 80% in year three and 86% in year 
four. In year 5 the solar fraction increased to 97%.  
The major reason of the performance improvement was attributed to the gradual 
charging of the BTES, since such a seasonal storage system requires a significant length 
of time to charge, reaching the minimum useful temperature before heat can be 
extracted. Modifications to the system and controls were also considered to be 
beneficial. Figure 22 presents the energy delivered to the BTES and the amount 
discharged from it, over 5 years of operation. It can be observed that the BTES 
efficiency increases in the first four years, while the drop in the year 5 is due to the low 
heating demand. 
 
Figure 22: BTES energy charge and discharge  
With regard to the simulation model it is presented that for the 5-years period the 
solar fraction achieved by the system was expected to increase from 66% to 89% over 
the period. It was also predicted that the efficiency of the collector will drop from 32% 
to 25%, as the average operating temperature increases. Moreover it was estimated that 
- 34 - 
 
the BTES efficiency will increase from 9% to 41% over that period of operation, due to 
the soil temperature increase.   
Comparing the measured performance against the simulation results it is observed 
that the system has met the design target of more than 90% solar fraction in year 5, 
achieving 97%. The collector and BTES performance is at least as well as predicted, 
with some differentiations attributed to the real weather years compared to the same one 
used for several in simulations.  
Lhendup et al (2013) conduct an experimental study of solar thermal charging of 
boreholes that are used for seasonal thermal storage, integrated with a ground coupled 
heat pump and unglazed solar collectors [21].  
The seasonal storage system consists of two 40 m deep boreholes, one for heat and 
one for cool storage, each having two U-tubes allowing for independent charging and 
discharging operations. Two 3.84 m2 unglazed collectors connected in parallel, two 
circulating pumps and a buffer water tank of 200 L are also included. The system’s 
experimental set up enables both heat and cool storage. However, only heat charging 
performance investigation is presented.  
The period that the heat charging experiment was conducted is from October 2012 
to March 2013. After 180 days of thermal charging, 11.6 GJ of energy was totally 
charged into the borehole causing an increase of the ground temperature by 2.5 C at 21 
m depth and 1 m distance from the borehole. During the same period the average 
efficiency of the unglazed solar collector was measured to be 30% and the mean 
efficiency of the system was found to be 38%. The solar collector operated for 1,204 h 
achieving a useful output of 7.9 GJ. The energy charged is observed to be more than the 
energy absorbed by the collector because the pump had been charging the borehole even 
in the absence of solar radiation, using the buffer tank as the heat source. The energy 
balance of the system during heat charging is presented in figure 23. 
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Figure 23: Heat charging energy balance 
The operation of the system was also simulated using TRNSYS 17 software. A 
comparison between the simulations and the actual measured data showed that there is a 
good agreement, enhancing the validity. 
Lundh et al (2007) use TRNSYS to simulate the performance of an actual seasonal 
ground storage system of solar heat, built to provide low temperature space heating to a 
residential area in Anneberg, Sweden [22]. The project constitutes the first solar heating 
plant with borehole seasonal storage in Europe.  
The storage system includes 60,000 m3 of crystalline rock with 100 boreholes 
drilled to a depth of 65 m and fitted with double U-pipes. Flat plate solar collectors of 
2,400 m2 supply heat while electrical heaters are used for supplementary heating. The 
residential area consists of 50 residential units with approximately 120 m2 floor area 
each and a total heat demand of 550MWh. 
The simulation for the solar heating system resulted in an average solar fraction of 
about 70% after 5 years of operation. Although solar collectors were estimated to gain 
more than 400 kWh/m3 of collector area annually, the heat storage is rather small and 
the heat losses are considerable, accounting 40% of the ground stored solar heat. 
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Chapter 3 Simulation Procedure 
At this Chapter the procedure that has been followed in order to simulate the 
performance of a Solar Thermal System with water based Seasonal Thermal Storage for 
domestic applications is described precisely. The simulation of the performance of such 
a system has been conducted by the utilization of TRNSYS software.  
3.1 TRNSYS Software 
TRNSYS software, commercially available since 1975, is a flexible component based 
tool that has been designed in order to simulate the performance of transient systems. 
While it was initially intended for accessing the performance of thermal energy systems, 
which still constitute the majority of the applications focused on, it has been afterwards 
extended to the simulation of electrical energy systems, power plants, renewable energy 
applications and other emerging technology assessments [23]. Nowadays TRNSYS is 
considered to be a widespread and reliable simulation software under continual 
development, accommodating the needs of researchers over a wide range of 
applications [15,17,19]. 
The high flexibility level of the code that TRNSYS software is based on is actually 
the key point that enables the diversification over the applications that are being 
simulated. The basic philosophy behind TRNSYS is a method that models independent 
physical components and energy systems. According to this method, algebraic and first-
order ordinary differential equations that describe the modeled component are 
implemented into software subroutines (called types) of FORTRAN programming 
language. Models are developed by this way, including inputs and outputs which 
functional relations are defined in each subroutine according to figure 24 [24]. 
 
Figure 24: Principle of a TRNSYS component subroutine 
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Therefore, in order to create a specific system model the user has just to connect the 
outputs of components with the inputs of other components. Such an implementation is 
simpler through the graphical user interface called ‘Simulation Studio’, where an 
assembly window has been used in which the components are represented by icons and 
the connections between them are represented by lines. 
3.2 Utilized Components  
• Type 109-TMY2 
 
Figure 25: Weather data reader component 
TRNSYS software package contains files with meteorological data of TMY-2 (Typical 
Meteorological Year) format, for more than 1000 regions in USA and worldwide. These 
files contain hourly data of solar radiation, ambient temperature, wind velocity and 
other meteorological measures. These data are derived from data bases of actual 
measurements conducted through several years at many locations around the world. The 
format that these data have been saved is .tm2, meaning that TRNSYS components able 
to read them such as Type109-TMY2 can be used [25].  
Therefore the actual function of Type109-TMY2 model is to read the 
meteorological data from a specific data file and provide them as outputs to other 
simulation components. During the simulation conducted for the purposes of the 
specific dissertation, the Type109-TMY2 outputs have been used are the following: 
 Total radiation on horizontal (kJ/hr.m2) 
 Sky diffuse radiation on horizontal (kJ/hr.m2) 
 Total radiation on tilted surface (kJ/hr.m2) 
 Angle of incidence for tilted surface (degrees) 
 Ambient temperature (°C) 
 Wind velocity (m/s) 
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• Type 73 – Theoretical Flat Plate Collector 
 
Figure 26: Theoretical Flat Plate Collector 
Type 73 component models the thermal performance of a theoretical flat plate collector 
containing user defined parameters such as: 
 Total gross area of the solar collector array (m2) 
 Absorptance of absorber plate  
 Absorber plate emittance 
 Specific heat of the fluid flowing through the solar collector (kJ/kg.K) 
 The loss coefficient for the bottom and edges of the solar collector per            
unit aperture area (kJ/hr.m2.K) 
The total solar collector array may consist of collectors connected in series and in 
parallel. 
 
• Type 4c – Stratified Storage Tank 
 
Figure 27: Stratified Storage Tank with Uniform losses and Variable Inlets 
Type 4c component models the thermal performance of a fluid-filled sensible energy 
storage tank, subject to thermal stratification. This kind of storage tank can be modeled 
by assuming that it consists of N ≤ 15 fully-mixed volume segments, where the value of 
N determines the degree of stratification. If N is equal to 1, the storage tank is 
considered to be a fully-mixed tank with no stratification effects. Moreover this specific 
mode of Type 4 addresses to a stratified tank having variable inlet positions, meaning 
that the entering fluid is added to the tank at a temperature as closely equal to its own 
temperature as possible. Furthermore this mode assumes that losses from each tank 
node are equal. 
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Major parameters of this component that are defined by the user include the 
following: 
 Tank volume (m3) 
 Tank loss coefficient (kJ/hr.m2.K) 
 Specific heat of the fluid contained in the storage tank (kJ/kg.K) 
 The density of the fluid contained in the storage tank. (kg/m3) 
 Number of temperature levels (nodes) used in the tank 
 Height of each node (m) 
 Initial temperature of each node (°C) 
 
• Type 12a – Single Zone / Energy (degree day) Space Load 
 
Figure 28: Single Zone Model - Energy/Degree-Hour House 
Type 12a component models a single zone structure using the energy/(degree-day) 
concept in order to estimate the heating load of the zone. The energy/(degree-day) 
concept is considered to be a useful way in estimating the monthly heating load of a 
structure.  In this space heating load model, the energy/(degree-day) concept is utilized 
to estimate the hourly heating load of a structure, extended to the more appropriate 
definition of the energy/(degree-hour) concept. At this specific mode a zero capacitance 
structure is considered, which is maintained at a constant set temperature for heating 
under energy rate control. 
The following parameters should be defined by the user in this case: 
 The overall conductance for heat loss from the house (kJ/hr.K) 
 House set point temperature during heating season (°C) 
 Specific heat of the source fluid flowing into the heat exchanger (kJ/kg.K) 
 The effectiveness-Cmin product of the load heat exchanger (kJ/hr.K) 
 Flow rate when pump is operating (kg/hr) 
 Auxiliary heat mode (1 = Parallel Auxiliary, 2 = Series Auxiliary) 
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• Hydronics – Pump / Flow Diverter / Tee piece / Tempering Valve 
 
Figure 29: Hydronic models 
 Type 3b – Single speed pump 
Type 3b models a single speed pump that calculates a mass flow rate (kg/hr). This 
operation is achieved by using a variable control function, having a value between 1 and 
0, and a user-specified maximum flow capacity (kg/hr). The actual pump power 
consumption may also be calculated as the maximum pump power (defined by the user) 
multiplied by a function of the input control signal. Furthermore, the user can define the 
portion of the pump power that is converted to fluid thermal energy.  
 
 Type 11f – Flow Diverter 
Type 11f simulates the operation of a flow diverter used for fluids with only one 
important property, such as temperature. At this mode a single inlet liquid stream is 
proportionally split into two liquid outlets according to the value of a user defined input 
control function γ, as shown in figure 30. The value of γ must be between 0 and 1. 
 
Figure 30: Flow Diverter Operation  
γ: control function having a value between 0 and 1 
mi: mass flow rate of inlet fluid 
m1: mass flow rate at position 1  
m2: mass flow rate at position 2  
- 41 - 
 
Ti: temperature of inlet fluid 
T1: temperature at position 1  
T2: temperature at position 2 
 
 Type 11h – Tee Piece 
The use of pipe or duct tee-pieces is often required in thermal systems.  This mode, 
normally used for fluids with temperature as the only important property, simulates the 
performance of a tee-piece in which two inlet liquid streams of the same fluid at 
different temperatures are mixed together into a single outlet stream. Figure 31 presents 
this operation. 
 
Figure 31: Tee Piece operation 
m1: mass flow rate of inlet fluid at position 1  
m2: mass flow rate of inlet fluid at position 2  
T1: temperature of inlet fluid at position 1  
T2: temperature of inlet fluid at position 2 
m0: mass flow rate of outlet fluid 
T0: temperature of outlet fluid 
 
 Type 11b – Tempering Valve 
It is usually common in domestic and industrial heating applications to mix the 
heated fluid with colder fluid that is supplied so that the outlet flow stream to the load 
does not exceed the required temperature. This operation is achieved with the use of a 
temperature controlled flow diverter at point B (figure 32). The control function γ in this 
case is internally calculated so that the appropriate flow stream 1 displaces fluid of 
temperature Th, so that the mixed fluid temperature at the outlet of point A will not 
exceed the required set point temperature Tset. 
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Figure 32: Tempering Valve operation 
 
• Type 2b – Differential Controller  
 
Figure 33: Differential Controller with Hysteresis 
The control operation is considered to be of utmost importance in the design of solar 
energy systems. With regard to the transient simulations of such systems, there are 
actually two basic methods for implementing control: energy rate control and 
temperature level control. 
Type 2b models a differential controller that is designed for implementing discrete 
(on/off) temperature level control and is mainly used to control the flow of the fluid 
through the solar collector loop, based on two input temperatures. This model generates 
a control function γ which can have a value of 1 or 0. The value of the control function 
always depends on the difference between the two input temperatures, upper and lower 
temperatures TH and TL, compared with two dead band temperature differences ∆ΤΗ and 
∆ΤL. A hysteresis operation is provided as well, meaning that the new value of the 
control function also depends on the value of the input control function at the previous 
time step.  The hysteresis effect is implemented by connecting the input control signal 
to the output control signal.  Regardless of the dead band conditions, a high limit cut-out 
condition is also included as parameter with this controller, setting the control function 
to zero when the temperature being monitored exceeds the high limit cut-out. 
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The use of hysteresis along with the dead band temperature differences is 
frequently used at controllers to promote stability. Considering a heating system for 
example, the thermostat may turn the system on (γ = 1) at a room temperature of 19°C, 
but not turn it off (γ = 0) until the room reaches 21°C.  The dead band temperature 
difference in this case is 2°C. As a result, when the difference between the set point 
temperature (19°C) and the room temperature lies within this range, the controller 
remains in its previous state (γ = 1 or γ = 0). 
Mathematically, the control function is expressed as follows: 
 If the controller was previously on 
If γi = 1 and ∆ΤL ≤ (TH - TL), γo = 1  
If γi = 1 and ∆ΤL > (TH - TL), γo = 0  
 If the controller was previously off 
If γi = 0 and ∆ΤΗ ≤ (TH - TL), γo = 1  
If γi = 0 and ∆ΤΗ > (TH - TL), γo = 0 
Where 
∆ΤΗ: upper dead band temperature difference 
∆ΤL: lower dead band temperature difference 
TH: upper input temperature 
TL: lower input temperature 
γi: [0 or 1] input control function 
γo: [0 or 1] output control function 
Regardless of the upper and lower dead band conditions, the control function is set to 
zero, if Tin > Tmax.  
Where 
Tin: temperature for high limit monitoring 
Tmax: maximum input temperature 
This circumstance is often implemented in solar domestic hot water systems where the 
pump is not allowed to operate if the tank temperature is above some predefined limit. 
The controller function is presented graphically as follows 
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Figure 34: Differential Controller operation 
 
• Type 14b – Water Draw Forcing Function 
 
Figure 35: Time Dependent Forcing Function: Water Draw 
It is many times useful in transient simulations to model a time dependent forcing 
function which is characterized by a repeated behavior. Type 14b uses units of kg/hr to 
create a water draw forcing function.  The water draw forcing function is created by a 
set of discrete data points indicating the value of the time (hr) and the value of the 
function (kg/hr of water draw) at various times throughout one cycle. A continuous 
forcing function is generated with linear interpolation between the discrete data. The 
cycle is repeated every N hours where N is the last value of time specified. During the 
simulation conducted for the purposes of the specific dissertation, Type 14b was used to 
create a stable domestic hot water demand profile throughout the day. 
 
• Type 501 – Ground Temperature Model  
 
Figure 36: Soil Temperature Profile 
Type 501 (TESS component libraries) [26] is utilized to model the vertical temperature 
distribution of the ground. The following parameters should be defined by the user: 
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 The mean ground surface temperature during the year (°C) 
 The amplitude of the ground surface temperature for the year (delta°C) 
 The time difference between the beginning of the calendar year and the 
occurrence of the minimum surface temperature (days) 
 Soil thermal conductivity (kJ/hr.m.K) 
 Soil density (kg/m3)   
 Soil specific heat (kJ/kg.K) 
 The depth of the soil at which the temperature should be evaluated (m).   
 
• Equation component 
 
Figure 37: Equation component 
TRNSYS software offers a very useful feature to the users, which concerns the ability to 
create equations that can be functions of outputs of other components, numerical values, 
or another defined equation. These equations are created by using a special equations 
component that can be placed in the assembly panel and be linked to the inputs and 
outputs of other components as if it were a normal component. By this way the 
simulation design flexibility can be highly enhanced.  
 
• Type 65a – Online Plotter with File  
 
Figure 38: Online Plotter with File  
Type 65a is an online graphics component that is used to display the user defined 
variables in a plot window on the screen. The outputs are being displayed at the same 
time while the simulation is progressing, allowing users to observe the online 
performance of the system and intervene where necessary. The values of the selected 
variables for each time step are also automatically printed to a user defined external file.  
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• Type 24 – Quantity Integrator 
 
Figure 39: Quantity Integrator 
Type 24 component can be used to integrate user selected quantities over a period of 
time. It is also able to reset periodically during the simulation either after a defined 
number of hours or after each month of the year.  
3.3 Simulation System  
The following figure presents the assembly of the model designed at the TRNSYS 
Simulation Studio to simulate the performance of the Solar Thermal System with water 
based Seasonal Thermal Storage for domestic applications.   
 
 
Figure 40: TRNSYS Assembly of the Simulation System 
The utilization of all the previously described components can be observed at the 
TRNSYS assembly panel (figure 40). Components are linked with other components, 
by the connection between inputs and outputs, in order to form individual subsystems. 
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These subsystems are afterwards linked together to model the final system, which 
operation is going to be simulated. 
As a result, it can be claimed that the model consists of the following four different 
subsystems, which design is extensively described afterwards. 
 Flat plate collector subsystem 
 DHW tank subsystem 
 Seasonal Thermal Storage tank subsystem 
 Building Heating load subsystem  
3.3.1 Flat plate collector subsystem 
 
 
Figure 41: Flat Plate Collector subsystem 
This subsystem consists of the theoretical flat plate collector model and the other 
components that participate in the circuits with the DHW and STES tanks. The flat plate 
collector receives the following inputs from the TMY2 meteorological data model: 
 Ambient temperature (°C) 
 Wind velocity (m/s) 
 Total radiation on tilted surface (kJ/hr.m2) 
 Total radiation on horizontal (kJ/hr.m2) 
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 Sky diffuse radiation on horizontal (kJ/hr.m2) 
 Angle of incidence for tilted surface (degrees) 
 Collector slope (degrees) 
Each of the two differential controllers receives as an input the outlet temperature 
of the fluid exiting the collector as well as the temperature of the fluid at the bottom 
node of the storage tanks. The temperature difference between them is compared to the 
predefined upper and lower dead band temperatures, generating a relative control signal 
(0 or 1). These output control signals are linked to the pumps, thus switching them on or 
off, permitting or not the charging of the tanks.  
A flow diverter is utilized in order to give priority to the DHW tank charging. 
When the value of the output control function of the DHW differential controller is 1, 
the entire flow rate of the collector is rejected to the DHW tank. In other case, when the 
DHW tank is adequately charged and its circuit’s control signal is 0, the fluid exiting 
the solar collector is driven to the STES tank, which is charged only if the pump of that 
circuit is switched on. At any case at most one water tank is provided with solar thermal 
energy by the solar collector for each time step. 
3.3.2 DHW tank subsystem 
 
Figure 42: DHW tank subsystem 
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The DHW tank subsystem includes the relevant stratified storage tank as well as the 
components used to define the daily demand for DHW and the contribution of colder 
fluid that is supplied when the tank flow stream to the load exceeds the required 
temperature. 
The DHW tank component has the following inputs: 
 Hot-side flow rate (kg/hr), which is the flow rate of the fluid into the storage 
tank from the solar collector, through the flow diverter. The fluid enters the 
storage tank in the node which is closest in temperature to the hot-side flow. 
An equal flow rate of fluid leaves the bottom of the storage tank for return to 
the solar collector. 
 Hot-side temperature (°C), which is the temperature of the fluid flowing into 
the storage tank from the solar collector. 
 Cold-side flow rate (kg/hr), which is the flow rate of the fluid flowing into the 
storage tank from the tempering valve to replace the equal amount of fluid that 
is assumed to leave the top of the tank to meet the load. The flow will enter the 
tank in the node which is closest in temperature to this cold-side flow. 
 Cold-side temperature (°C), which is the temperature of the replacement fluid 
flowing into the storage tank. 
 Environment temperature (°C), which is the temperature of the environment in 
which the storage tank is located. In our case it is assumed a stable room 
temperature of 20°C. 
 Control signal for element-1, which is set to 1 and defines that an auxiliary 
heating element may be used, which available power is the maximum one. 
The water draw forcing function component (Type 14b), defining a water draw repeated 
pattern (kg/hr), was used along with the equation component to create a stable 24h 
DHW demand profile.  
Therefore at each time step a specific fluid inlet flow rate is inserted to the 
tempering valve, which has the following total inputs: 
 Inlet flow rate (kg/hr), which is the flow rate of fluid entering the tempering 
valve as it is predefined by the water draw forcing function. 
 Inlet temperature (°C), which is the temperature of the fluid entering the inlet 
of the tempering valve. In our case it is set to be 15°C. 
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 Heat source temperature (°C), which is the temperature of the fluid at the top of 
the storage tank that is going to be cooled by the addition of fluid from the 
tempering valve component. This temperature is used to determine how much 
of the fluid entering the tempering valve will be sent to the storage tank and 
how much of the fluid will be diverted to be mixed (at the tee piece) with the 
fluid exiting the storage tank. 
 Set point temperature (°C), which is the desired temperature at which the heat 
source flow stream is to be kept at all times. In our case it is set to be 45°C. 
As a result the tee piece component receives the required fluid flow rates from the 
storage tank and the tempering valve, in order to meet the DHW load at 45°C. 
With regard to the outputs that have been chosen for display through the online 
plotter 1, these are the following: 
 Temperature to load (°C), which is the top node temperature of the fluid flowing 
from the top of the storage tank to meet the DHW load (Ttop). 
 Temperature of the second node T2 of the storage tank (°C). 
 Temperature of the third node T3 of the storage tank (°C). 
 Temperature of the fourth node T4 of the storage tank (°C). 
 Temperature of the fifth node T5 of the storage tank (°C). 
 Temperature to heat source (°C), which is the bottom node temperature of the 
fluid flowing from the bottom of the DHW storage tank and returning to the 
solar collector (Tbottom). 
 Flow rate at the outlet 1 of the tempering valve (kg/hr), which is the flow rate of 
replacement fluid flowing into the storage tank. 
 Flow rate at the outlet 2 of the tempering valve (kg/hr), which is the flow rate of 
the fluid that is going to be mixed with the flow stream of the exiting storage 
tank fluid. 
 Outlet flow rate of the tee piece (kg/hr), which is the flow rate of the mixed fluid 
leaving the tee piece. 
 Outlet temperature of the tee piece (°C), which is the temperature of the mixed 
fluid leaving the tee piece. The value of this output should be 45°C according to 
the adjustment. 
Regarding the outputs that are displayed through the online plotter 2, these are the 
following two: 
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 Energy rate to load (kJ/hr), which is the rate at which energy is removed from 
the DHW tank to supply the load. 
 Auxiliary heating rate (kJ/hr), which is the rate at which power is added to the 
DHW tank by the auxiliary heater. 
3.3.3 Seasonal Thermal Energy Storage tank subsystem 
 
 
Figure 42: Seasonal Thermal Energy Storage tank subsystem 
This subsystem includes the seasonal thermal energy storage tank which is used to 
simulate the storage of solar thermal energy for heating application during the thermal 
period. In a similar manner with the DHW tank, the STES tank model has the following 
inputs: 
 Hot-side flow rate (kg/hr), which is the flow rate of the fluid into the storage 
tank from the solar collector, through the flow diverter. An equal flow rate of 
fluid leaves the bottom of the storage tank for return to the solar collector. 
 Hot-side temperature (°C), which is the temperature of the fluid flowing into the 
storage tank from the solar collector. 
 Cold-side flow rate (kg/hr), which is the flow rate of the fluid returning to the 
storage tank from the building in order to replace the equal amount of fluid that 
leaves the top of the tank to contribute to the building heating load coverage. 
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 Cold-side temperature (°C), which is the temperature of the returning fluid 
flowing into the storage tank. 
 Environment temperature (°C), which is the temperature of the environment in 
which the storage tank is located. In our case it is assumed that the storage tank 
is buried in the ground, thus this input is linked to the output of the ground 
temperature model. 
 Control signal for element-1, which is set to 0 meaning that none auxiliary 
heating element is used. 
As previously mentioned, the control of the STES tank charging is achieved through the 
operation of the differential controller, only when the flow diverter leads the fluid from 
the solar collector to this tank.  
With regard to the ground temperature model, it is used to predict the soil 
temperature, which is the tank environment temperature, since it is assumed that the 
storage tank is placed in a specific depth into the ground. Therefore this output of Type 
501 is connected to the relevant tank input. 
Regarding the outputs that have been selected for display through the online plotter 
2, these are the following: 
 Temperature to load (°C), which is the top node temperature of the fluid flowing 
from the top of the storage tank to the load (Ttop). 
 Temperature of the second node T1 of the storage tank (°C). 
 Temperature of the third node T2 of the storage tank (°C). 
 Temperature of the fourth node T3 of the storage tank (°C). 
 Temperature to heat source (°C), which is the bottom node temperature of the 
fluid flowing from the bottom of the storage tank and returning to the solar 
collector (Tbottom). 
 Soil Temperature (°C), which is the ground temperature at the specified depth 
(Tsoil). 
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3.3.4 Building heating load subsystem  
 
 
Figure 43: Building heating load subsystem 
This subsystem has been designed to model the building which heating load should be 
covered during the thermal period. The heating load is partially covered by the STES 
tank, as well as by an auxiliary heating source when the tank is not able to cover the 
entire load by itself. For this reason a parallel auxiliary mode was chosen, meaning that 
the auxiliary energy makes up only that part of the load which cannot be extracted from 
the inlet STES flow stream. 
The user defined specific parameters of the building as well as the environmentally 
depended inputs are utilized by this space heating load model to calculate the demand 
for heating, as well as the contribution of each source (STES tank or auxiliary) in order 
to meet this demand. The house thermal losses and the possible gains are calculated for 
each time step in order to be defined the amount of energy required by the house to 
maintain the set point temperature: 
  Qrequired  =  Qloss – Qgain 
 
The following inputs are inserted to the single zone building component for each time 
step: 
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 Ambient temperature (°C), which is the temperature of the environment 
surrounding the house. This input is inserted from the TMY2 meteorological 
data component. 
 Internal gains (kJ/hr), which normally refers to the time variant internal gains in 
the house. However for this simulation purposes solar gains are taken into 
account instead of house internal gains. As a result the equation component is 
used to calculate this specific input for the building model. 
 Inlet flow rate (kg/hr), which is the flow rate of the fluid flowing from the STES 
tank and entering the hot side of the heat exchanger. 
 Inlet temperature (°C), which is the temperature of the fluid flowing from the 
STES tank. 
With regard to the solar gains calculation, the equation model is used to define their 
value, according to the following equations: 
 Qsol = G · Aeff 
 
Aeff = g · Atr 
where Qsol: the solar gains (kJ/hr) 
G: the total solar radiation on tilted surface (kJ/hr.m2), which is an input from         
the TMY2 meteorological data component for a slope of 90 degrees 
            Aeff: the effective collecting area with given orientation and tilt angle (m2) 
 g: total solar energy transmittance of the transparent glass 
 Atr: transparent collecting area (m2) 
As a consequence, the building heating load model calculates the following important 
outputs, which are displayed to the user by the online plotter 3 component: 
 Heating load (kJ/hr), which is the instantaneous heating load of the house. 
 Heat transfer rate across heat exchanger (kJ/hr), which is the rate at which heat 
is transferred between the fluid streams in the heat exchanger. 
 Required auxiliary rate (kJ/hr), which is the rate at which auxiliary energy is 
required to keep the house at the set point temperature. In parallel auxiliary 
mode, which is the mode that was set in this case, the required auxiliary rate is 
the total required heating rate minus the heating rate supplied by the STES 
fluid. 
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These outputs determine the solar fraction as well as the contribution of the auxiliary 
heating source. 
Since the desired unit of the power outputs was selected to be kW instead of kJ/hr, 
the equation component was utilized to convert them through the relationship kW = 
(kJ/hr) / 3600. Apart from the power outputs calculation and display, a quantity 
integrator was also utilized to calculate the kWh of energy for defined time periods.   
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Chapter 4 Case Study 
This chapter presents the precise specifications that have been used in order to simulate 
the system considering a specific case study. The various parameters that have been set 
for each component are reported, in order to study the performance of the Solar Thermal 
System applying Seasonal Thermal Energy Storage, for DHW and heating provisions to 
a specific single family dwelling. Additionally this chapter presents the outcomes 
reflecting the system’s performance, which are graphically displayed through online 
plotters, as well as automatically printed to user defined external files. 
4.1 Specified Parameters 
The system under investigation has been designed and simulated in TRNSYS software 
for implementation at a single-family detached home in Thessaloniki, Greece. As a 
result a weather data file for Thessaloniki city is imported as an external file in Type 
109 data reader in the standard TMY2 format. Therefore the various meteorological 
data that are necessary inputs for many components of the system insert values for this 
specific region. 
Specifically the parameters defined for the TMY2 data reader are the following: 
 Sky model for diffuse radiation: 4, which corresponds to the Perez sky model 
used to calculate diffuse radiation on tilted surfaces. It is noted that the Perez 
model is usually considered to be the best available one. 
 Tracking mode: 1, which corresponds to a fixed surface for the calculation of 
the tilted surface radiation, meaning no sun tracking. 
 Ground reflectance: 0.2, which is a typical value for ground not covered by 
snow. 
 Slope of surface-1: 41 degrees, which was set as the fixed slope of the 
collectors. The slope was selected to be approximately equal to the latitude of 
Thessaloniki, since it is considered as a general rule that the performance is 
optimized when the slope is set equal to the latitude of the region. 
 Slope of surface-2: 90 degrees, which concerns the calculation of the total 
radiation on tilted surface for the solar gains estimation through the transparent 
vertical surfaces of the building.   
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4.1.1 Flat plate collector subsystem 
• Type 73 – Theoretical Flat Plate Collector 
The inserted values of parameters to the theoretical flat plate collector component 
are the following:    
 Total gross area of the solar collector array: 50 m2 
 Absorptance of absorber plate: 0.95   
 Absorber plate emittance: 0.1 
 Specific heat of water flowing through the solar collector: 4.19 kJ/kg.K 
 Loss coefficient for the bottom and edges: 3 kJ/hr.m2.K (default) 
 Collector fin efficiency factor: 0.75 
 Number of covers: 1 
 Index of refraction of cover: 1.526 (default) 
 Extinction coefficient thickness product: 0.0026 (default) 
The Apricus FPC-A32 flat plate solar collector has been considered for installation 
on the roof of the building. The gross area of each of the FPC-A32 collector units is 
2.98 m2 [27] meaning that approximately 17 units are required. The following 
diagram depicts the efficiency curve of the specific flat plate collector [27].  
 
Figure 44: Apricus FPC-A32 collector performance curve 
• Type 2b – Differential Controllers 1&2  
 No of oscillations: 5 (default), are the number of control oscillations 
allowed in one time step before the controller is "stuck". 
 High limit cut-out: 100 °C  
 Upper dead band dT: 10 °C 
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 Lower dead band dT: 2 °C 
4.1.2 DHW tank subsystem 
The parameters set for this subsystem have been considered for meeting the DHW 
demand of a four member family that is assumed to live in the simulated dwelling. 
Consequently the indicated specifications for the various components of this subsystem 
are the following:        
• DHW demand specifications 
It can be estimated that the average daily hot water requirement is 35-65 liters per 
person [28]. Therefore it can be assumed for this simulation that the DHW demand is 50 
liters per person per day. Taking into account the four family members of the specific 
case, it is directly calculated that the DHW demand is 200 liters on a daily basis, which 
is assumed to be constant throughout the year. As a result the water draw forcing 
function of the Type 14b component is defined in such a reasonable way that multiplied 
with 200 for each time step (in the equation component) it finally counts a daily demand 
of 200 liters.   
• DHW Stratified Storage Tank 
With regard to the DHW store volume, it is generally estimated that it should be 
designed 1-2 times the daily DHW consumption [28]. Assuming a factor of 1.5 and a 
daily demand of 200 liters, it is calculated that the volume of the DHW storage tank 
should be 300 liters or 0.3 m3. 
 Tank volume: 0.3 m3 
 Tank loss coefficient: 2.5 kJ/hr.m2.K 
 Specific heat of water contained in the tank: 4.19 kJ/kg.K 
 Density of water contained in the tank: 1,000 kg/m3 
 Number of temperature levels (nodes) used in the tank: 6 
 Height of each node: 0.3 m 
 Number of auxiliary heating elements: 1 
 Node containing heating element: 1 
 Node containing thermostat: 1 
 Maximum heating rate of auxiliary heating element: 9,000 kJ/hr 
 Boiling point: 100 °C 
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• Type 11b – Tempering Valve 
 Set point temperature: 45 °C 
 Tempering valve mode: 4, the entire flow stream will be sent through the 
first outlet if the inlet temperature is more than the heat source temperature. 
 Nb. of oscillations allowed: 7 
4.1.3 STES tank subsystem 
• STES Stratified Storage Tank 
The STES tank is selected to be a water based tank, since water is considered to be 
a suitable solution performing high heat exchange rates, high thermal capacity and low 
cost. The tank is equally stratified into five nodes, since this degree of stratification is 
considered to be a reasonable choice for an effective implementation of such a system. 
Each node has been set to be 0.6 m height, meaning that the storage tank has a total 
height of 3 m. The width of the tank is considered to be 5 m, the length 5 m as well, 
meaning that the total volume of the STES tank has been set to 75 m3.  
With regard to the construction materials, this artificial water tank is considered to 
be constructed of reinforced concrete. A polyurethane coating system featuring a 
stainless steel leafing pigment is placed on the top and the vertical inside parts of the 
tank providing extra insulation. Considering these specifications, the average tank loss 
coefficient is set to be 1.2 kJ/hr.m2.K.  
As a consequence the values of the parameters defined for the STES tank model are 
the following:   
 Tank volume: 75 m3 
 Tank loss coefficient: 1.2 kJ/hr.m2.K 
 Specific heat of water contained in the tank: 4.19 kJ/kg.K 
 Density of water contained in the tank: 1,000 kg/m3 
 Number of temperature levels (nodes) used in the tank: 5 
 Height of each node: 0.6 m 
 Number of auxiliary heating elements: 0 
 Boiling point: 100 °C 
 
• Type 501 – Ground Temperature Model 
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The temperature conditions under the ground surface are considered to be more 
stable with short temperature fluctuations throughout the year. For this reason the STES 
tank has been chosen to be placed underground. By excavating and burying the 
constructed tank in the soil, the insulation conditions are further enhanced, reducing 
thermal losses to the environment.  
Since the tank height has been defined at 3 m, a total excavation height of 4 m is 
supposed to be adequate. Therefore the mean depth of the soil at which the temperature 
should be evaluated through the Type 501 model has been set at 2 m. The excavation 
and burying processes are considered to take place in the backyard of the detached 
house. The tank has 25 m2 surface requirements, which is supposed to be covered from 
the available backyard area. 
   Specifically the values of all the parameters defined for the ground temperature 
model are the following:      
 Depth of the soil at which the temperature should be evaluated: 2 m   
 Mean ground surface temperature during the year: 17.5 °C [29] 
 Amplitude of the ground surface temperature for the year: 10 °C [29] 
 The time difference between the beginning of the calendar year and the 
occurrence of the minimum surface temperature: 30 days 
 Soil thermal conductivity: 8.72 kJ/hr.m.K (default) 
 Soil density: 3200 kg/m3 (default)   
 Soil specific heat: 0.84 kJ/kg.K (default)   
4.1.4 Building heating load subsystem 
• Type 12a – Single Zone / Energy (degree day) Space Load 
A single-family detached home is considered for investigation concerning the 
required heating load and the proportion that each of the STES and auxiliary source 
contribute to meet the demand during the heating period. The dwelling, with ground 
floor surface of 120 m2, is considered to be a single zone structure in order to be 
compatible with the Type 12a model, which applies the energy/(degree-day) concept. 
The overall conductance for heat loss from the house (UA value) is defined at 1,000 
kJ/hr.K or 278 W/K.  The temperature at which the house is to be maintained during the 
heating season is set at 20°C.  
In total the parameters that have been defined in this case are the following: 
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 Overall conductance for heat loss from the house: 1,000 kJ/hr.K 
 House set point temperature: 20 °C 
 Specific heat of the source fluid (water): 4.19 kJ/kg.K 
 The effectiveness-Cmin product of the load heat exchanger: 200 kJ/hr.K 
(default) 
 Flow rate when pump is operating: 100 kg/hr (default) 
 Auxiliary heat mode: 1 = Parallel Auxiliary 
 
• Solar Gains 
As already mentioned in the previous chapter, the equation model has been used in 
order to insert the time-variant solar gains into the building space load component, 
according to the following equations: 
Qsol = G · Aeff 
 
Aeff = g · Atr 
where the values of the parameters that concern the transparent building elements 
(glazing) through which solar gains become available are the following:  
 Atr: 10 m2 , the overall (gross) collecting area of the building glazed 
elements 
 g: 0.75, typical value of the total solar energy transmittance for double 
glazing transparent elements 
4.2 Simulation results 
The performance of the system is investigated concerning the space heating contribution 
during the heating period as well as the DHW load coverage throughout the whole year.  
With regard to the heating period, it is always defined as a specific time period 
during the year, when heating load is on demand. The estimation of this period usually 
differs from country to country according to the existing meteorological conditions. 
Actually it also may be diversified for different regions inside a country. Regarding the 
specific case, the heating period for the city of Thessaloniki, which belongs to the third 
climatic zone of Greece based on the degree-days for heating [30], is assumed as the 
period from October 18th to April 23th. Therefore this specific period has been set as the 
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simulation period at the TRNSYS control cards, in order to calculate the variables that 
deal with the space heating load. 
The operation of the designed system has been actually examined for two 
consecutive calendar years. The different initial conditions, concerning the charging or 
not of the stratified water tanks during the previous cooling period, diversify the 
simulation parameters of the two years and the final results as well.   
4.2.1 1st year of operation   
During the first operational year of the simulated system, the performance during the 
heating period of October 18th - April 23th (hour 6,984 – hour 11,472) has been 
examined according to the following initial condition:  
All of the nodes from both of the DHW and STES tanks have been set to contain water 
with initial temperature of 15 °C. 
The following diagram presents the outcomes deriving from the online plotter 3 and 
concerns a graphic plot of all of the variables that deal with the space heating of the 
single zone dwelling during the heating period. These are the instantaneous heating 
demand (kW), the demand covered by the STES tank (kW), the demand covered by the 
auxiliary source (kW), as well as the total heating load (kWh) at the end of the heating 
period and the contribution of the STES tank and auxiliary source (kWh).       
 
Figure 45: Heating load outputs during the 1st year of simulation 
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Diagrams 46 and 47 offer a more distinct image of the heating load and the sources 
contribution respectively. 
 
Figure 46: Heating demand during the 1st year of simulation 
 
Figure 47: Contribution of the heating sources during the 1st year of simulation 
As already mentioned, apart from the graphic display the online plotters can print the 
values of the selected variables at external user defined files. The following table 
presents the values of the thermal energy variables for each of the seven months of the 
heating period, as these have been calculated from the printed file. 
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Month Thermal Load       
Demand 
Load STES Load Aux. source Solar fraction 
October    457 kWh   32 kWh    425 kWh   7.0 % 
November 1,607 kWh 323 kWh 1,284 kWh 20.1 % 
December 2,490 kWh 414 kWh 2,076 kWh 16.6 % 
January 2,766 kWh 352 kWh 2,414 kWh 12.7 % 
February 2,148 kWh 384 kWh 1,764 kWh 17.9 % 
March 1,815 kWh 499 kWh 1,316 kWh 27.5 % 
April    754 kWh 385 kWh    369 kWh 51.1 % 
ANNUAL 12,037 kWh 2,389 kWh 9,648 kWh 19.9 % 
Table 3: Monthly load distribution during heating period - 1st year of operation 
As it can be observed from the table, the total annual heating load demand for the 
specific single-family detached home in Thessaloniki has been calculated at 12,037 
kWh. Taking into account that the STES tank is fully discharged (initial water 
temperature of 15 °C at the beginning of the simulation), the load covered by the 
storage tank system is calculated at 2,389 kWh, corresponding to a solar fraction of just 
19.9 %. Only during the last month of the heating period (April) the solar fraction is 
calculated to be over 50 %. The rest of the annual heating load of 9,648 kWh has to be 
covered by an auxiliary source. 
The water temperature during the heating period for the nodes of each of the STES 
and DHW tanks have been displayed through the online plotters 4 and 1 
correspondingly. Diagrams 48 and 49 present the nodes temperature fluctuations.  
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Figure 48: STES tank nodes temperature during heating period - 1st year of simulation 
 
Figure 49: DHW tank nodes temperature during heating period - 1st year of simulation 
As a result the water temperatures of the nodes at the end of the heating period (April 
23th) are calculated according to the following table: 
 Node 1 Node 2 Node 3 Node 4 Node 5 Node 6 
STES tank 43 °C 41.5 °C 39 °C 37.5 °C 35.5 °C - 
DHW tank 61 °C 40.5 °C 39 °C 36 °C 31.5 °C 23 °C  
Table 4: Temperature of nodes on April 23th - 1st year of operation 
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By the end of the heating period on April 23th, it is assumed that the space heating load 
is disconnected since no more heating is required. Therefore for the period of April 24th 
to October 17th the STES tank is being charged from the solar collectors, without 
providing any thermal energy to the building until the beginning of the new heating 
period. Diagram 50 depicts the STES tank charging during this period, where the initial 
temperatures are the final of the last heating period. 
 
Figure 50: STES tank nodes temperature during charging period - 1st year of simulation 
At the same time the DHW tank continues being charged and discharged since the 
demand for DHW has been assumed stable throughout the whole calendar year. The 
following diagram presents the temperature fluctuation of the DHW tank. 
 
Figure 51: DHW tank nodes temperature during summer period - 1st year of simulation 
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Consequently the water temperatures of the nodes at the end of the charging period 
(October 17th) are presented at the following table: 
 Node 1 Node 2 Node 3 Node 4 Node 5 Node 6 
STES tank 80 °C 80 °C 79.5 °C 78.5 °C 74.5 °C - 
DHW tank 72 °C 72 °C 72 °C 72 °C 72 °C 70 °C  
Table 5: Temperature of nodes on October 17th - 1st year of operation 
4.2.2 2nd year of operation   
The difference between the simulation parameters of the first and the second operational 
year is the initial water temperature of the nodes in the STES and DHW tanks. While 
the initial temperature of the tanks has been set at 15°C for the 1st year of operation, the 
temperature values of the nodes on October 18th of the second year have been set equal 
to that obtained at the end of the 1st year’s charging period (table 5).  
Under these conditions the graphic plots of the outcomes obtained from the online 
plotter 3 for the second year’s heating period of October 18th - April 23th are displayed 
at the following diagrams. 
 
Figure 52: Heating load outputs during the 2nd year of simulation 
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Figure 53: Contribution of the heating sources during the 2nd year of simulation 
The values of the monthly heating loads during the 2nd year’s heating period, as these 
have been calculated from the online plotter 3 printed file, are presented at the following 
table. 
Month Thermal Load       
Demand 
Load STES Load Aux. source Solar fraction 
October    457 kWh         436 kWh      21 kWh 95.4 % 
November 1,607 kWh 1,270 kWh    337 kWh 79.0 % 
December 2,490 kWh 1,057 kWh 1,433 kWh 42.4 % 
January 2,766 kWh    654 kWh 2,112 kWh 23.6 % 
February 2,148 kWh    483 kWh 1,665 kWh 22.5 % 
March 1,815 kWh    536 kWh 1,279 kWh 29.5 % 
April    754 kWh    394 kWh     360 kWh 52.3 % 
ANNUAL 12,037 kWh 4,828 kWh 7,209 kWh 40.1 % 
Table 6: Monthly load distribution during heating period – 2nd year of operation 
As it can be observed from the graphs and the table above, the charging period during 
the 1st year has beneficially affected the contribution of the STES system to the space 
heating load coverage during the 2nd year heating period.  
As a consequence, from the total annual heating load demand of 12,037 kWh, an 
amount of 4,828 kWh has been covered by the STES tank. This value corresponds to an 
annual solar fraction of 40.1 %, the double compared to the solar fraction of 19.9 % for 
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the first year. Especially during the first two months of the second year’s heating period 
the major amount of the heating demand is covered by the STES tank, achieving a solar 
fraction of 95.4 % for October and 79.0 % for November. An adequate solar 
contribution is also observed for December with a fraction of 42.4 %. The rest of the 
annual heating load of 7,209 kWh has to be covered by the auxiliary source. 
The following diagram presents how the STES tank is being discharged during the 
2nd year heating period from its high initial temperature conditions. 
 
Figure 54: STES tank nodes temperature during heating period – 2nd year of simulation 
With regard to the DHW tank an annual solar fraction of 76% has been calculated for 
the second year of simulation. It can be noted at this point that although a priority has 
been set through the flow diverter to the charging of the DHW tank against the STES 
tank, an absolute solar contribution has not been achieved. This can be attributed to the 
fact that the storage volume of the DWH tank (0.3 m3), even if reasonable for a four 
members family, is relatively small compared to the huge STES tank and can be quickly 
discharged. Therefore in case of consecutive cloudy days for example, an auxiliary 
heater will be needed.   
4.2.3   Parametric analysis 
A parametric analysis has been conducted by increasing the surface of the collectors to 
75 m2. Following the same procedure for the first heating period as well as the charging 
period, the results of the annual heating load contribution during the heating period of 
the second year of operation are presented in the following table.  
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Collector 
Surface 
Thermal Load       
Demand 
Load STES Load Aux. 
source 
Solar fraction 
50 m2 12,037 kWh 4,828 kWh 7,209 kWh 40.1 % 
75 m2 12,037 kWh 5,809 kWh 6,228 kWh 48.3 % 
Table 7: Annual load distribution for 75 m2 solar collector – 2nd year of operation 
As it can be observed, an increase of 25 m2 at the surface of the collectors has increased 
the solar fraction for space heating at 48.3 %, approaching therefore half of the load 
coverage from the STES tank.   
Apart from the change at the collector surface, another simulation has been 
conducted, inserting in the TMY2 data reader (Type 109) meteorological data for the 
city of Athens instead of Thessaloniki. Following once again the previous procedure, 
the total annual heating load as well as the contribution of the sources during the heating 
periods of the first and the second year of operation are presented in the following table.  
Athens 
weather data 
Thermal Load       
Demand 
Load STES Load Aux. 
source 
Solar fraction 
1st year 7,990 kWh 3,325 kWh 4,665 kWh 41.6 % 
2nd year 7,990 kWh 5,240 kWh 2,750 kWh 65.6 % 
Table 8: Annual heating load distribution for Athens 
 It can be clearly observed from the results that due to the milder weather conditions in 
Athens, the annual demand for heating for the specific single-family detached home is 
7,990 kWh, much lower compared to the 12,037 kWh calculated for the city of 
Thessaloniki. As a consequence the solar fraction is 41.6 % for the first year of 
operation, while during the second year it reaches the value of 65.6 %.       
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5 Conclusions 
The performance of a Solar Thermal System which utilizes Seasonal Thermal 
Energy Storage (STES) for domestic applications has been investigated in the context of 
the present dissertation.  
At the beginning it is presented the theoretical background behind the operation of 
the major subsystems that participate in such configurations, such as the solar collectors 
and the storage arrangements. The mechanism of the sensible heat storage has been 
qualified as the more mature one. A special emphasis on the various configurations that 
can be applied for the effective long term thermal energy storage has been given, 
providing different solutions of storage mediums and concepts according to the specific 
conditions. A focus on the stratification mechanism and the theoretical sizing procedure 
of these systems is also provided. 
TRNSYS software has been used for the simulation of a Solar Thermal System 
implementing Seasonal Thermal Energy Storage. The system has been designed to 
investigate its performance regarding the space heating and DHW needs of a single-
family detached home in the city of Thessaloniki, with the outcomes mainly focused on 
the space heating contribution of the STES arrangement. Flat plate solar collectors of 50 
m
2
 have been controlled to initially provide heat to a 0.3 m3 DHW tank, with the rest 
possible available thermal energy to be rejected into the water filled STES tank of 75 
m
3
.  
Two years of operation have been simulated by defining two different periods, the 
heating period from October 18th - April 23th and the charging period from April 24th to 
October 17th. At the beginning of the first year’s heating period the DHW and STES 
tanks have been assumed entirely discharged with initial water temperature of 15 °C. By 
the end of the simulation for this period it has been calculated that 12,037 kWh of space 
heating load is demanded for the specific dwelling in the city of Thessaloniki. From this 
demand the part covered by the STES tank is calculated at 2,389 kWh, corresponding to 
a solar fraction of just 19.9 %. During the following summer period no space heating 
has been demanded and the STES is being charged. As a consequence the solar fraction 
for space heating during the second year has been calculated at 40.1 % or 4,828 kWh 
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out of 12,037 kWh. For the same year of operation the DHW solar fraction has been 
measured at 76 %. 
Comparing the outcomes of the two years of operation, it is clearly observed the 
significance of the charging period, which doubles the contribution of the STES 
configuration to the heating load requirement of the next heating period. As a result it 
can be observed that a large proportion of the load is covered by the STES system 
during the autumn, 95.4 % for October and 79.0 % for November. Moreover a 
satisfactory STES contribution is also observed for December, taking into account the 
high heating load due to the winter season, with a fraction of 42.4 %. However the 
increased heat demand and the extended tank discharge during the following months 
make indispensable the operation of an auxiliary source, which should highly contribute 
in order to meet the entire load. 
In addition to the importance of the charging period, it can also be observed the 
effective influence of increasing the surface of the solar collectors to 75 m2. This results 
to a higher solar fraction for space heating of 48.3 %, meaning that almost half of the 
demand can be covered from the STES tank. However it should be examined if this 
additional collector surface would be economically advantageous, compared to the 
saved fuel of the auxiliary source on a long-term basis. Nevertheless the economic 
viability of this system has not been examined in the context of the presence 
dissertation. An overall techno-economic appraisal of diversified STES case studies 
could be examined for future research.          
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